A synthesis route leading to Au/TiO 2 clusters encaged in the three-dimensional channel system of siliceous MCM-48 was thoroughly studied to ensure reproducibility.
Introduction
The nature and properties of gold nanoparticles dispersed on oxide supports have received much attention recently [1] [2] [3] , because of their high activity in many industrially and environment-friendly important reactions. Originally gold, due to its inert nature in the bulk state, was regarded a poor catalyst (cf. [4] ), until it was shown that gold in nanocrystal size with high dispersion on metal oxide supports exhibits considerable activity [5] [6] [7] [8] . Today Au/metal oxide catalysts are known to be active in many reactions such as CO oxidation [1, 8] , selective CO oxidation in a H 2 -rich stream [9] , reduction of NO x [10] , water gas shift reaction [3, 11] , selective hydrogenation of unsaturated hydrocarbons [12] , selective oxidation of alcohols [13] , epoxidation of propylene [14] , combustion of methane [15] , etc.
Although gold catalysts are among the most widely studied systems in the last few years, in particular for the oxidation of carbon monoxide, reproducibility of catalyst preparations is a problem and, therefore, many questions such as influence of the support and of the preparation methods and/or conditions such as pH, light protection, temperatures, and more have yet to be answered. So far chemical vapor deposition (CVD) [16] , co-precipitation [6] , incipient wetness impregnation [17] and deposition-precipitation (DP) [18] methods have been applied to the synthesis of gold catalysts. Among them the DP process is considered to be one of the best methods to synthesize highly active gold catalysts, due to its good control of the particle size by adjustment of pH during particle formation. Based on a number of investigations two different kinds of supports, reducible or active supports such as TiO 2 , Fe 2 O 3 , CeO 2 and non-reducible or inert supports such as MgO, Al 2 O 3 , SiO 2 , have been distinguished in the literature [1, 8] . In the present investigation we use mesoporous silica of framework structure type MCM-48 loaded with nano-sized TiO 2 -particles as a support for size-confined gold nanoparticles.
Because of their transparency, high thermal and chemical stability, and their mechanical robustness the silica-based mesoporous materials such as SBA-15, MCM-41, MCM-48, etc. are thought to be useful carriers or matrices for the functional molecules or nanoparticles [19] [20] [21] . Their mesoporous structures can thus be explored as host or matrix to immobilize catalytically active species on and, simultaneously, for providing nano-size confinement inside the channel system. Literature is available on highly dispersed metal or metal oxide nanoparticles inside the pore system of SBA-15 and MCM-41 materials [22] [23] [24] , however such studies on MCM-48 materials are scarce, probably due to the difficulty in the preparation of MCM-48 in suitable quality. Recently we reported on the deposition of Cu, Zn acetates within the pore system of mesoporous MCM-48 and their subsequent decomposition to metal oxide nano-clusters (e.g., [22, 25, 26] ). After reduction in hydrogen, these catalysts exhibited methanol synthesis activity, although they proved inferior to companion preparations in which a metalorganic zinc precursor and a wider pore system was employed [27] . Furthermore we also explored the deposition of TiO 2 particles into MCM-48 as a support for size-confined Au particles [28] . Subsequent deposition of gold nanoparticles into this TiO 2 -containing MCM-48 resulted in a catalyst highly active in CO oxidation [29] . Such catalysts can be useful for studies on the role of the support in the catalytic process because the quantities of support (TiO 2 ) and gold are in the same order of magnitude.
The preparation used in [29] suffered from a poor reproducibility as has been frequently reported in the literature for syntheses of supported gold particles. This prompted us to study the preparation route and the influence of various parameters on it more systematically. Attention was focused on a version of the preparation in which the TiO 2 was loaded into MCM-48 via an aqueous route (using titanium acetyl acetonate) instead of the more cumbersome tetrabutyl orthotitanate route. The composites underwent thorough characterization by means of X-ray powder diffraction (XRD), Transmission Electron Microscopy (TEM), Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES), porosity analysis by nitrogen physisorption, X-ray photoelectron spectroscopy (XPS), and X-ray absorption spectroscopy (XAFS). Moreover the Au/TiO 2 -MCM-48 catalysts were tested in CO oxidation and showed high activity.
Experimental

Synthesis
Pure silica MCM-48 was obtained following the method described by Gies et al. [29] . In a typical synthesis, 1.0 M NaOH was taken in a polypropylene bottle or (preferably) in a teflon-lined autoclave, and cetyltrimethylammonium-chloride (CTACl, Aldrich, 25% solution in water) was added drop-wise under continuous stirring. After that, tetraethoxysilane, (TEOS Merck), was added dropwise until the gel was homogeneous.
The final molar gel composition of the synthesis mixture was 1 (TEOS) : 0.70 (CTACl) : 0.5 (NaOH) : 64 (H 2 O). The sealed bottle (autoclave) was transferred to an oven heated at 363 K where the gel was kept for 4 days. Thereafter, the sample was thoroughly washed with water and dried overnight at room temperature. The dried product was calcined finally at 813 K for 5 h with a heating rate of 1 K/min. The synthesis of TiO 2 -MCM-48 and Au/TiO 2 -MCM-48 is summarized in Figure   1 . TiO 2 -MCM-48 was synthesized by a post-synthetic wet impregnation method as fol-lows. 0.52 g of titanylacetylacetonate (TiO(acac) 2 , Merck) was taken in 100 ml of pure ethanol, subsequently 100 ml of redistilled water was slowly added while continuous vigorous stirring. This procedure gives a very clear solution of TiO(acac) 2 in the ethanolwater mixture. The impregnation of the calcined and carefully dried MCM-48 (0.6 g) was carried out by stirring the sample for 2 h with the alcoholic solution of Ti salt. The mixture was then centrifuged or filtered, and the solid product was washed thoroughly with redistilled water. Thereafter the cake was allowed to dry overnight at room temperature.
Thermal decomposition of the deposited Ti salts was performed in a muffle oven in air by heating the sample at 573 K or at 603 K for 5 h (temperature ramp -1 K/min). The difference in the decomposition temperature had no influence on the final catalytic activities.
The conventional deposition-precipitation technique was employed for gold encapsulation in the mesoporous TiO 2 -MCM-48 matrix. In a typical synthesis, 43.4 ml of an aqueous solution (5.078 * 10 -3 M, 8 wt% gold with respect to support) of HAuCl 4 * 3 H 2 O (Aldrich) were heated at 343 K in a water bath wrapped in an aluminum foil to exclude light. The initial pH was around 2.5, which was slowly adjusted to neutral value 7 by drop-wise addition of a 0.1 molar NaOH solution to initiate hydrolysis of the Au-Cl bonds. After the pH had been constant for 30 min, 0.5 g of dried TiO 2 -MCM-48 were dispersed into the solution. pH excursions into the acidic region (pH → 5 …6) were reversed by adding 0.1 N. After the pH had been constant for 15 min, the suspension was stirred for another hour at the same temperature. Finally the suspension was cooled, filtered and washed with redistilled water. The resulting cake was freeze-dried under vacuum. After the preparation, samples were stored protected from light either in a glove box at room temperature or in a refrigerator (inside an evacuated desicccator) at ca. 275 K.
Characterization
X-ray powder diffraction experiments were carried out using a Huber Guinier imaging plate camera G670 with Cu Kα  radiation (λ = 1 glass capillary. A Siemens diffractometer D5000 with Cu Kα  radiation in mod bye-Scherrer geometry was employed for low angle XRD measurements. For the structure analysis of the deposited nano-gold particles the program suite FullProf was used [30] . The chemical composition of the samples was determined by ICP-OES (UNICAM PU 7000). For digestion each sample was dissolved in a mixture of 5 ml nitric acid, 1 ml hydrochloric acid and 1 ml hydrofluoric acid. Subsequently the acid mixture was evaporated in a fume hood, and the residue re-dissolved in 1 ml nitric acid. This solution was washed into a volumetric flask containing demineralised water. N 2 adsorption measurements of MCM-48 were performed with a Quantachrome Autosorb automated gas sorption system using the Autosorb software for the analysis.
Samples were outgassed at 523 K prior to measurement, with the exception of the full blend function based upon Voigt-type approximations has been used for the analysis of XP spectra. XAFS spectra at the Au LIII edge (11919 eV) were measured at Hasylab X1 station (Hamburg, Germany) using a Si(311) monochromator that was detuned to 50 % of the maximum intensity to avoid the higher harmonics. Spectra were measured in transmission using a gold foil for energy reference. Data treatment was carried out using the software package VIPER [31] as described earlier [32] .
Catalytic activity
CO oxidation was performed at atmospheric pressure and at temperatures typically in the range of 210-310 K, using a plug flow reactor with an inner diameter of 4 mm. The measurements were conducted under dynamic conditions while ramping the temperature with 2 K/min. The reaction temperature was measured directly in the fixed bed using a K type thermocouple. A mixture of 1 % CO in synthetic air was passed over 50 mg of Au-TiO 2 -MCM-48 catalyst (grain size 250-500µm) with a flow rate of 67 ml/ min, which corresponds to a space velocity of 80,000 ml/h g cat . CO and CO 2 concentrations were measured using an Uras 14 infrared analyzer module (ABB Corp.). The regime was slightly varied in the duration of the project. In the standard regime (A), the catalyst was cooled to 230 K and then heated up in the feed. After the first temperature ramp, the sample was cooled to 210 K or below, then the next (second or a third) ramp was started.
In an earlier regime (B), the feed was dosed on the catalyst at room temperature and only then the catalyst was cooled to 210 K to start the first ramp.
Results and discussion
Characterization of intermediates and final catalysts
The following data summarize the experience of six independent preparations along this route. XRD and N 2 physisorption were performed on four of the samples after each step (except for porosimetry analysis of the full catalyst, which was made only in three cases). The results obtained were very similar. As an example, results of one batch, which will be further referred to as the "reference batch" are shown in Fig. 2 and 4.
X-ray diffractograms of the pristine MCM-48, the TiO 2 -loaded support and the full catalyst are shown in Figure 2 . The low-angle scan shows that the MCM-48 used possessed excellent periodicity. The introduction of the heavy elements Ti and Au lead to a drastic decrease of peak intensity in the MCM-48 pattern, which can be explained by the loss of scattering contrast between pore and wall, because the porosity of the material was preserved (see below). No Bragg peaks for TiO 2 were found. From an earlier EXAFS study [28] , the TiO 2 phase can indeed be expected to be highly disordered. From ICP-OES, the Ti content of this material was 6.8 wt%, for the remaining materials, the Ti content was in the range 7.1 -8.3 wt%.
After gold introduction, the XRD pattern shows that the parent structure of the mesoporous host was maintained as well, but the signal was rather weak, in agreement with our previous work [29] . It will be shown below (physisorption data) that this attenuation is at least partly due to structural damage although the porosity of the material remained high and the pores remained accessible. In the high-angle region shown in Figure 2 , there is a very small peak at ~38°, which we attribute to metallic gold with FCC phase, indicating that there are small gold particles in the sample although no reduction step has taken place. The intensity of this gold signal varied significantly among the catalyst batches prepared. The total gold content of the samples prepared was 3.1 wt-%, the Au contents of the remaining samples ranged between 2.8 and 4.0 %.
In order to obtain more detailed information about the crystal structure of the nano-gold particles, Rietveld analysis of the deposited metal phase has been performed with a sample exhibiting a more intense gold signal. A summary of the refinement is given in Table 1 and Figure 4 , and the porosity data are summarized in Table 2 . The results confirm the good quality of the siliceous matrix. The decrease of BET surface area and pore volume upon TiO 2 introduction is only slightly above the expectations due to introduction of a non-porous component. The decrease of the average pore size is beyond the detection limit, however, the pore-size distribution curve tails towards smaller values now. After introduction of gold, the pore system was much more perturbed. The pore-size distribution became significantly broader, tailing now strongly into the micropore range, and the most abundant pore size decreased below 2 nm. These changes relatively to the TiO 2 -loaded sample are more than can be justified by the amount of AuOx species deposited in the pores, and the rather narrow second pore size maximum at 3.5 nm confirms that the pore system has suffered during the gold deposition.
The inset of Fig. 4 gives the pore size distributions of the three samples analyzed, which shows that the damage seen is not accidental, on the contrary, in one case it was even more pronounced. In fact, in preliminary experiments it was observed that MCM-48 matrices with less structural perfection were partly or even totally dissolved during the gold deposition step. The BET surface area measured after gold deposition was still large ( Fig. 4, Table 2 ), but the BET data have to be taken with caution because they may have been influenced by the considerable microporosity formed in the samples. However, the high pore volume of 0.6 -0.8 ml/g confirms that the porosity of the matrix was largely maintained during gold deposition and the pore system remained accessible. Figure 5 shows TEM micrographs of Au/TiO 2 -MCM-48 catalysts from two different batches. They exhibit the typical lattice fringes of a well ordered and well maintained silica MCM-48 host structure, i.e. the perturbations of the pore system indicated by the physisorption measurements seem to affect only part of the material. In addition the TEM micrographs also show a modulation of scattering intensity with tiny dark patches in the pores, which apparently arise from gold deposited in the pore system.
The presence of gold and titanium in these grains was confirmed by EDX. The fact that the distribution of these patches is not periodic inside the pore system is also supported by the diffraction experiment and is in accord with common experience. In the micrograph of the reference batch ( Fig. 5b) , there is also a rather large particle, actually an agglomerate of smaller ones (3-5 nm size), which is clearly deposited on the external support surface. Such features were observed in most micrographs taken from this material. In addition, tiny black particles are concentrated on some parts of the external surface, probably at pore entrances. It will be shown below that the majority of gold species is unreduced in the initial sample whereas a minority is already in the metallic state giving rise, for instance, to the XRD signals discussed above. The external particles seen in Fig. 5b certainly belong to the phase detected by XRD. In the micrograph shown in Fig. 5a , particles cannot be observed either on the external surface or near the pore mouths, and these features were absent in all images taken from this batch. This agrees with the observation that the extent of Au metal detectable by XRD varied among the batches.
XPS and XAFS spectra were measured to establish the electronic state of gold in the catalysts prepared. An XPS spectrum of the reference catalyst is presented in Figure   6 . During the measurement, the sample was cooled to 143 K to avoid reduction of the gold species under the X-ray beam, which occurred extensively at room temperature.
This reduction could not be completely avoided even by cooling, therefore data acquisition time had to be limited, which resulted in noisy spectra as shown in the figure.
Even though the sample had been stored for 5 months (T= 277 K, dark, in Ar), the spectrum clearly shows ionic gold: The Au 4f 7/2 binding energy is 86.8 eV, which may be compared with values reported for Au 2 O 3 (85.9 eV [33] ) and Au(I)(PPh 3 )NO 3 (84.9 eV [34, 35] ). Apparently, Au is predominantly in the +3 oxidation state. However, the gold 4f doublet is not well resolved, which indicates the presence of a second state. It has been tried to fit this signal shape with a second signal, and the result is shown in the figure. It should be noted, however, that an unambiguous fit could not be obtained without introducing a constraint for the BE of the minor state, because there is no feature (peak or shoulder) which would fix its position. This minor species is obviously Au(0). In the fit shown in the figure, its BE was constrained to 84. and Au/SiO 2 model catalysts [43] where a small particle size and good contact between support and metal were clearly demonstrated. A recent analysis of the Auger parameter in supported gold catalysts showed that the negative XPS binding energy shift is not likely to be due to electron transfer [38] . In fact, for our fresh sample (Fig. 6) , any attempt to fit the line shape keeping the Au(0) contribution below 84 eV was unsucessful. Hence, we will not draw any conclusions from the XPS binding energies.
In Figure 9 shows CO conversion data of two catalysts, among them the reference batch. The measurements prove the high activity of the catalysts although they slightly differ in detail. With the reference batch measured in regime A (first contact of catalyst with feed at low temperatures), CO conversion set in between 240 and 250 K, 50 % conversion were achieved at 271 K and complete conversion below 300 K. When the sample was cooled down again, ca.13 % conversion were seen even at 220 K. Below 250 K, the CO conversion decreased very slowly with decreasing temperature, i.e., the activation energy is very low. Such behavior has been reported earlier [45] and attributed to the catalytic activity of the gold surfaces exposed whereas the Au-TiOx interface sites responsible for the upsurge of CO conversion at somewhat higher temperatures are still blocked by carbonate species. In the second temperature ramp, the light-off temperature was slightly deteriorated (277 K), and a further upshift to 284 K was seen in the third temperature ramp. Remarkably, the low-temperature activity was not deteriorated although the CO conversions at higher temperatures clearly decayed. If the former reflects a (constant) size of the Au surface area, the latter would, according to Haruta's notion, be related to the Au/TiO x perimeter. Constant low-temperature conversion at increasing light-off temperature would then indicate a decrease of the perimeter at constant surface area, i.e., a change in particle shape from a flat to a more bulky form. Figure 9 shows also an experiment according to regime B (first contact of catalyst with feed at room temperature). Here, low-temperature conversion occurred already in the first ramp. The example shows a more stable sample: its light-off temperature was 269 K, its activity did not suffer any loss in activity in the 2 nd ramp, and just a 3 K shift in the third ramp. The stability obtained in this regime was somewhat better although not always as good as shown in Fig.9 .
Catalytic activity in CO oxidation
The reproducibility of the preparations was good. Among the six batches made with this procedure, 5 had light-off temperatures within a 20 K range (262-282 K, one at 294 K). The majority of the samples showed some deterioration between the successive ramps as indicated in Fig. 9 . The T 50 differences between 1 st and 2 nd ramp were between 0 and 10 K for 5 batches, with an outlyer at 17 K, between 2 nd and 3 rd ramp, 4 of 5 batches were between 3 and 10 K. After the 3 ramps, 3 of the 5 batches subjected to the full procedure still achieved 50 % conversion below 290 K, the remaining ones below 310 K.
As mentioned above, this deactivation hardly affected the low-temperature CO conversions, which were, however, less reproducible among the different batches: at 220 K, CO conversion was found between 4 and 13 %. This is clearly inferior to the reproducibility of the conversions in the normal temperature range. An explanation might be sought in the matrix damage leading to microporosity: a gold aggregate forming in a small pore may well be capped by the upper wall while most of the Au/TiO x perimeter remains accessible.
Critical parameters in the preparation
It is well known that photoreduction of ionic Au precursors has an unfavorable impact on supported gold catalysts. This effect appears to be very dramatic with the catalyst type discussed here: after exposure of fresh catalysts to visible light, the light-off temperature increased to >423 K.
In [29] , the TiO 2 -MCM-48 stage of the synthesis had been performed by threefold impregnation of MCM-48 with tetrabutyl orthotitanate. The synthesis has been repeated in preliminary work for comparison, and no significant differences in catalytic activity were noted that could be ascribed to the use of different Ti sources. This is in line with earlier findings that the TiO 2 -MCM-48 prepared by the two routes are indistinguishable by XAFS, the TiO 2 phase being highly disordered and with a short-range order closer to rutile than to anatase [28] . In fact, some earlier preparations yielded light-off temperatures of 253 K [28, 46] with somewhat higher Ti content, which was not reproduced in the present study. The difference is, however, obviously not due to the stage of Ti introduction. This finding is consistent with the recent investigation by Schüth et al. [47] who studied the immobilization process of colloidal gold particles on TiO 2 supports with different phases and particle sizes. CO oxidation activities were not strongly influenced by the phase composition while the particle size of the support turned out to be relevant. Fig. 4 , which may explain the activity losses observed.
Concentrations of both
The stability of the MCM-48 matrix is certainly a critical aspect of the synthesis.
It was, however, found that good catalytic activity may be obtained even despite significant perturbations of the pore system, and the suggestion of activity losses due to matrix damage rests on plausibility arguments rather than on the limited scope of physisorption data. To prevent damage, the impregnation temperature was reduced to 323 K in some experiments, however, with adverse effects on the catalytic activity. Research is under way to further modify the synthesis for better conservation of the MCM-48 pore system.
Variation of the HAuCl 4 concentration did not lead to improvements either. The best catalysts were obtained in the concentration range mentioned above, double impregnation leading to deterioration rather than to improvements.
Conclusions
Gold may be reproducibly introduced into a MCM-48 matrix by a route that comprises impregnation of the siliceous matrix with titanylacetylacetonate and subsequent 
